Ankyrins and spectrins are cytoskeleton-associated adapter proteins that serve as multifunctional nodes for submembrane protein targeting and scaffolding, regulatory protein docking, and signaling protein modulation in excitable cells. Both classes of proteins are directly or indirectly linked with defects in metazoan physiology including hereditary spherocytosis (1), neurological dysfunction (2) , diabetes (3, 4) , skeletal muscle disease (5) , and cardiovascular phenotypes (reviewed in Ref. 6 ). In heart, ankyrin-G and ␤ IV spectrin are critical for cardiomyocyte intercalated disc protein targeting, scaffolding, and regulation. Dysfunction in the ankyrin-G pathway is linked with human Brugada syndrome arrhythmia (7) (8) (9) (10) . Human mutations in a second cardiac ankyrin gene product, ankyrin-B, are directly linked with sinus node dysfunction, atrial fibrillation, ventricular tachycardia following catecholaminergic stress, and susceptibility to sudden cardiac death (11) (12) (13) (14) (15) . Moreover, ANK2 (encodes ankyrin-B) gene variants are linked with rate corrected QT interval variation in large patient populations (16) . In vivo and in vitro data implicate ankyrin-B as critical for the membrane targeting of specific transverse tubule and sarcoplasmic reticulum ion channels and transporters including the Na/Ca exchanger, Na/K-ATPase, Kir6.2, and inositol 1,4,5-trisphosphate receptor, resulting in calcium-handling defects and electrical instability (3, (17) (18) (19) . Surprisingly, despite over a decade of data linking ankyrin-B dysfunction with cardiovascular disease, the regulation of ankyrin-B in human heart failure has not been investigated. Moreover, the pathways underlying ankyrin-B and spectrin regulation in common forms of heart disease are not established.
Here we provide data for ankyrin-B regulation in human heart failure. Moreover, our new data provide evidence of the role of ankyrin-B in vertebrate cardioprotection. We show that ankyrin-B and downstream membrane-associated partners are coordinately down-regulated in human heart failure. We demonstrate that ankyrin-B regulation is tightly coupled to the activity of reactive oxygen species and intracellular calcium via the calcium-dependent protease calpain. Notably, ␤ II -spectrin, previously thought to mediate ankyrin-dependent modulation in ischemia in heart and brain, is not coordinately regulated with ankyrin-B nor its downstream partners following insult, implicating ankyrin, and not spectrin, as the primary cleavage site for calpain in the heart. Finally, we demonstrate a link between ankyrin-B function and myocardial protection as mouse hearts deficient in ankyrin-B show increased injury and reduced contractility following ischemia reperfusion when compared with the hearts from wild-type littermates. In summary, our findings provide a link of ankyrin-B and ␤ II -spectrin regulation with multiple forms of human heart failure, provide insight into the mechanisms underlying ankyrin-B regulation in cardiac disease, and provide new data on the role of ankyrin-B in cardioprotection following ischemia.
EXPERIMENTAL PROCEDURES
Animals-Age-and sex-matched WT and ankyrin-B (male) littermates were maintained at The Ohio State University animal facility (an Association for Assessment and Accreditation of Laboratory Animal Care-accredited experimental animal facility). Mice were previously backcrossed Ͼ20 generations into the C57Bl/6 background. All procedures involving experimental animals were performed in accordance with protocols approved by the Committee for Animal Research and conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All mice were housed in the same facility, consumed the same diet, were provided water ad libitum, and were kept on identical 12-h light/dark cycles.
Neonatal Cardiomyocyte Cultures-Cultures were prepared from post-natal 1 or 2 mouse pups for biochemistry as described (20) .
Cell Experiments-Proteolysis of ankyrin-B, ␤ II -spectrin, and Na/K-ATPase was examined using neonatal cardiomyocytes. Myocytes were exposed to 1 g of rat recombinant m-calpain (Calbiochem) in the presence of different concentrations of CaCl 2 at 25°C for 0, 15, 30, 60, and 90 min. Myocytes were washed, incubated with defined medium for 10 h, and then harvested for immunoblot. In certain experiments, the calpain inhibitor MDL-28170 (Calbiochem) at 10 mol/liter was preincubated in the medium 10 min before adding calcium and calpain (21) (22) (23) . For H 2 O 2 experiments, adult or neonatal cardiomyocytes were incubated with 100 M H 2 O 2 from 0 to 90 min in serum-free medium. Cells were then washed and harvested for immunoblot as described (20, 24) .
Immunoblot-Equal quantities of protein lysate (protein concentrations determined using bicinchoninic acid (BCA) protein assay (Pierce)) were analyzed by SDS-PAGE (3-8% Tris acetate gels) and immunoblotting. Protein samples were analyzed on the same gel to allow appropriate quantitative comparison between samples. Antibodies include affinity-purified antibodies to ankyrin-B (1:2000), ␤ II -spectrin (1:1000), and Na/K-ATPase (1:700). Equal protein loading was verified by Coomassie Blue staining. Slight differences in protein loading were corrected using an internal control standard (actin (1:10,000) or GAPDH (1:1000)).
Immunostaining and Confocal Microscopy-Freshly isolated adult mice cardiomyocytes were isolated, immunostained, and imaged as described (24) . Images were collected on a Zeiss 510 Meta confocal microscope, using Carl Zeiss Imaging software. Images were imported into Adobe Photoshop Cs for cropping and linear contrast adjustment. For confocal experiments, Ͼ20 cardiomyocytes were visualized for each condition.
Statistics-When appropriate, data were analyzed using a two-tailed Student's t test or analysis of variance (Sigma Stat), and values less than p Ͻ 0.05 were considered significant. Post hoc comparisons after analysis of variance were performed using the Holm-Sidak test. Values are expressed as the means Ϯ S.E.
RNA Isolation and Reverse Transcription-RNA was isolated from heart tissue as described (25, 26) using the RNeasy kit (Qiagen), and the concentration was quantified by spectrophotometry. cDNA was amplified using SuperScript III reverse transcriptase (Invitrogen), and oligo(dT) was used to prime for cDNA production. Polymerase chain reaction (PCR) was performed in 20-l reaction volumes. Sense and antisense primers were used at a concentration of 10 M. PCR was performed using Taq Ischemia Reperfusion Protocol in Langendorff Hearts-Langendorff-perfused mouse hearts were used for measuring myocardial viability and heart function (27) . Mice were anesthetized with Avertin, and hearts were quickly excised and rinsed in cold Tyrode's solution containing (in mM): 137 NaCl, 5.4 KCl, 0.5 MgCl 2 , 0.16 NaH 2 PO 4 , 3 NaHCO 3 , 5 HEPES-NaOH, and 1 mg/10 ml heparin, adjusted to a pH of 7.4 with NaOH. Excess tissue was dissected. Hearts were immediately perfused (retrograde) through the aorta for 1-2 min at room temperature with Hanks' balanced salt solution and mounted on a modified Langendorff apparatus (HSE-HA perfusion systems, Harvard Apparatus) for retrograde aortic perfusion at a constant pressure of 80 mm Hg with carbogen (95% O 2 , 5% CO 2 ) and KrebsHenseleit bicarbonate solution consisting of (in mM): 25 NaHCO 3 , 118 NaCl, 4.7 KCl, 1.2 MgSO 4 , 1.2 NaH 2 PO 4 , 2.5 CaCl 2 , 0.5 Na-EDTA, 15 glucose, 2 pyruvate, with pH equilibrated to 7.4. The perfused heart was immersed into the waterjacketed bath and was maintained at 36°C. A polyethylene balloon filled with double distilled H 2 O was inserted into the cavity of the left ventricle through a left atrial incision. After allowing the heart to stabilize for 10 min, hearts were subjected to 20 min of global ischemia and 30 min of reperfusion.
Measurement of Myocardial Infarction Size-Following ischemia/reperfusion, each heart was removed from the Lan-gendorff perfusion apparatus and immediately frozen. The frozen hearts were cut from apex to base into eight transverse slices of approximately equal thickness (ϳ0.8 mm). The slices were placed into a small cell culture dish and then incubated in 10% triphenyltetrazolium chloride in phosphate buffer (88 mM Na 2 HPO 4 , 1.8 mM NaH 2 PO 4 , pH 7.8) at room temperature for 30 min by shaking the dish as described (27) . The development of the red formazan pigment in living tissues relies on the presence of lactate dehydrogenase or NADH, whereas failure to stain red indicates a loss of these constituents from necrotic tissue. After staining, the triphenyltetrazolium chloride buffer was replaced by 10% formaldehyde, and the slices were fixed for the next 2 h before the areas of infarct tissue were determined by computer morphometry (MagnaFire SP, with magnification ϫ 6.3 and exposure time 10 ms). The risk area was the sum of total ventricular area. The infarct size was calculated and presented as percentage of risk area.
RESULTS

Ankyrin-B Levels Are Reduced in Human Heart
Failure-Despite direct links between ankyrin-B (ANK2) loss-of-function mutations and human arrhythmia phenotypes (sinus node disease, atrial fibrillation, ventricular arrhythmia) (11, 12, 15) , there are no data related to ankyrin-B regulation in acquired human cardiovascular disease. We therefore examined ankyrin-B expression levels in human heart failure samples. We first evaluated ankyrin-B expression in left ventricle from failing hearts with a clinical diagnosis of non-ischemic heart disease and in left ventricular free wall tissue from de-identified donors with no clinical history of heart disease (see "Experimental Procedures"). Samples from patients with documented heart failure showed striking reduction in ankyrin-B levels when compared with non-failing samples (Fig. 1, A and B) . In fact, ankyrin-B levels were decreased over 60% in left ventricle samples from non-ischemic hearts (decreased 62%, n ϭ 8 nonfailing, n ϭ 7 heart failure; p Ͻ 0.01). We repeated these analyses for left ventricle samples from de-identified donors with clinical history of ischemic heart failure as well as in non-failing hearts. In agreement with findings in non-ischemic disease, we observed a significant decrease in ankyrin-B expression in ischemic left ventricle samples when compared with non-fail-FIGURE 1. Ankyrin-B protein expression is reduced in human heart failure. A and B, representative immunoblots and quantitative analysis of ankyrin-B levels in left ventricle samples of patients without heart failure (NF, n ϭ 8) and patients with documented non-ischemic heart failure ((HF (NI)), n ϭ 7; p Ͻ 0.01). C and D, representative immunoblots and quantitative analysis of ankyrin-B levels in left ventricle samples of patients without heart failure (n ϭ 8) and patients with documented ischemic heart failure ((HF (Isch), n ϭ 9; p Ͻ 0.01). For all experiments, values were adjusted to internal loading control to correct for minor differences in gel loading. E, ankyrin-B (ANK2) mRNA levels were not statistically different between left ventricle samples from non-failing hearts (n ϭ 5) versus ischemic HF samples (n ϭ 5; p ϭ NS). We observed no difference in ANK2 mRNA levels between non-failing heart samples (n ϭ 5) versus non-ischemic HF samples (n ϭ 5; p ϭ NS). All mRNA values were corrected for total RNA as well as actin mRNA expression. A. U., arbitrary units; non-Isch HF, ischemic HF. *, p Ͻ 0.05. A.U., arbitrary units.
ing samples (Fig. 1, C and D ; n ϭ 8 non-failing, n ϭ 9 heart failure, p Ͻ 0.01). We evaluated ankyrin-B (ANK2) mRNA expression in samples of non-failing heart as well as from left ventricular samples of individuals with ischemic and non-ischemic heart failure. We observed no statistical difference in ankyrin-B mRNA samples between non-failing tissue and either ischemic or non-ischemic heart disease samples ( Fig. 1E ; n ϭ 5/group, not significant for non-failing versus non-ischemic HF 3 ; not significant for non-failing versus ischemic HF), strongly suggesting that differences in ankyrin-B levels observed in Fig. 1, A-D , are due to post-transcriptional mechanisms. Together, these findings provide data identifying ankyrin-B dysregulation in human heart failure.
Ankyrin-B and Downstream Partners Are Coordinately Altered in Human Heart
Failure-Ankyrin-B targets a host of membrane-associated ion channels, transporters, and signaling molecules in heart (26, 28 -30) . Based on observed decreases in ankyrin-B expression in heart failure, we examined the expression of Na/K-ATPase, a well validated binding partner of ankyrin in heart and other tissue (18) . Consistent with the in vivo role of ankyrin-B for Na/K-ATPase targeting and membrane stability, we observed decreased Na/K-ATPase expression in samples of ischemic (p Ͻ 0.05, n ϭ 9 versus n ϭ 8 non-failing) and non-ischemic left ventricle when compared with non-failing samples (Fig. 2, A and B ; p Ͻ 0.01, n ϭ 6 versus n ϭ 8 non-failing). In fact, we observed an approximate ϳ56% decrease in Na/K-ATPase expression in non-ischemic samples, nearly mimicking the changes we observed in ankyrin-B with the same samples. Notably, similar to findings for ankyrin-B, Na/K-ATPase mRNA levels were not significantly different between non-failing and non-ischemic HF or non-failing and ischemic HF samples ( Fig. 2C ; n ϭ 5 from each group, NF for non-failing versus non-ischemic HF; NF for non-failing versus ischemic HF). Thus, ankyrin-B and Na/K-ATPase are coordinately down-regulated by post-transcriptional mechanisms in human heart failure.
Ankyrin-B "Upstream" Partner Is Altered in Human Heart
Failure-The spectrin family of polypeptides plays critical roles for ankyrin function, presumably by targeting ankyrin-based complexes to specific membrane domains (31) . This hypothesis, based primarily on the roles of spectrin and ankyrin in the erythrocyte, has been challenged by more recent findings in excitable cells including neurons and cardiomyocytes (32, 33) . We examined the regulation of ␤ II -spectrin, the cardiac ␤-spectrin binding partner for ankyrin-B (32), in human heart failure samples. Notably, we observed decreased ␤ II -spectrin levels in ischemic heart failure samples, consistent with our findings with ankyrin-B and Na/K-ATPase ( Fig. 2E ; n ϭ 4 ischemic, n ϭ 4 non-failing; p Ͻ 0.01). However, although there was a trend for reduced ␤ II -spectrin levels in non-ischemic heart failure samples, we observed no statistical difference when compared with non-failing ( Fig. 2D ; n ϭ 7 non-ischemic, n ϭ 7 non-failing, NS). These data demonstrate that although ␤ II -spectrin levels are altered in ischemic heart failure, changes in non-ischemic heart failure are less prominent. Notably, these differences in expression patterns relative to changes of ankyrin-B in both forms of heart failure suggest that ankyrin-B and ␤ II -spectrin may be differentially regulated in disease.
Ankyrin-B Levels Are Altered by Reactive Oxygen SpeciesOne hallmark of heart failure is elevation of reactive oxygen species (ROS) associated with altered myocyte transcription, apoptosis, and metabolism. We therefore examined whether alterations of ankyrin-B observed in human heart failure were associated with ankyrin-B reduction following activation of ROS (34, 35) . In primary adult mouse cardiomyocytes treated with H 2 O 2 , we observed significant degradation of ankyrin-B as early as 30 min (Fig. 3, A and B ; n ϭ 3/group; p Ͻ 0.05). Similarly, we observed that Na/K-ATPase levels reduced significantly at 30 min after H 2 O 2 treatment (Fig. 3, A and C (Fig. 3 , A and D; n ϭ 3/group; p ϭ NS). Similar results were obtained in neonatal cardiomyocytes; however, due to the metabolic differences between adult and neonatal myocytes, the time course of cleavage was slightly delayed in the immature cells. For example, although ankyrin-B levels were not altered following 30 min of H 2 O 2 treatment, we observed significant reduction in ankyrin-B levels following 60 and 90 min of treatment ( Fig. 3E ; n ϭ 4/treatment, p Ͻ 0.05). Consistent with findings in human heart failure, we observed decreased expression of Na/K-ATPase with the same time course as observed for ankyrin-B reduction in neonatal cells ( Fig. 3F ; n ϭ 3/treatment, p Ͻ 0.05). However, unlike ankyrin-B or Na/K-ATPase, we observed no difference in ␤ II -spectrin expression following even 90 min of H 2 O 2 treatment ( Fig. 3G ; n ϭ 4; NS), consistent with experiments in adult myocytes. As discussed in detail later, the reduction of both ankyrin-B and Na/K-ATPase following ROS activation in adult cardiomyocytes was blunted by treatment of myocytes with the membrane-permeable calpain inhibitor MDL28170 (Fig. 3, A-D ; n ϭ 3/group; p Ͻ 0.05). Together, these findings support ankyrin-B as a target for ROS activity in primary cardiomyocytes and identify a potential upstream molecular pathway for regulation of ankyrin-B levels in heart disease.
Ankyrin-B Levels Are Regulated by Alterations in Extracellular Calcium-In addition to elevated ROS, heart failure is characterized by alterations in cardiac calcium resulting in structural, electrical, metabolic, and transcriptional remodeling (36) . We therefore examined the regulation of ankyrin-B expression following alterations in calcium concentrations. Lysates from adult mouse hearts were treated for 1 h with low (500 M) to high (5 mM) extracellular calcium for 1 h. Following treatment, ankyrin-B levels were reduced by low level calcium treatment (500 M, 1 mM CaCl 2 ; n ϭ 5, p Ͻ 0.05), whereas we observed no differences at mid to high [CaCl 2 ] (Fig. 4A ; n ϭ 5, NS). We observed similar findings for Na/K-ATPase at low calcium concentrations (Fig. 4B, n ϭ 3 , p Ͻ 0.05). However, again consistent with a potential alternative mechanism for ␤ II -spectrin regulation in heart failure, we observed differences in CaCl 2 -dependent regulation of ␤ II -spectrin levels (Fig. 4C) . ␤ II -spectrin levels were reduced only at 2.5 mM CaCl 2 , a concentration where ankyrin-B levels were not significantly altered (Fig. 4C, n ϭ 3 , p Ͻ 0.05). In summary, ankyrin-B and ␤ II -spectrin expression levels are regulated by alterations in myocyte calcium, albeit likely via potentially unique mechanisms.
Calpain Alters Cardiac Ankyrin-B Expression-Calpains are calcium-dependent cysteine proteases, downstream from both elevated Ca 2ϩ and ROS, implicated in both structural and electrical modeling in cardiovascular disease, and previously linked with ankyrin-and spectrin-based pathways in both heart and brain, albeit primarily studied downstream of membrane ion channels and transporters (37, 38) . Based on altered ankyrin-B expression in response to altered calcium and ROS, we directly FIGURE 2. Ankyrin-associated proteins are altered in human heart failure. A and B, representative immunoblots and quantitative analysis of Na/K-ATPase levels in left ventricle samples of individuals without heart failure (NF, n ϭ 8) and individuals with documented non-ischemic (A, n ϭ 6; p Ͻ 0.01) and ischemic heart failure (B, n ϭ 9, p Ͻ 0.01). C, Na/K-ATPase mRNA levels were not statistically different between left ventricle samples from non-failing hearts (n ϭ 5) versus ischemic HF (n ϭ 5; p ϭ NS). We observed no difference in Na/K-ATPase mRNA levels between non-failing heart samples (n ϭ 5) versus non-ischemic HF samples (n ϭ 5; p ϭ NS). All mRNA values were corrected for total RNA as well as actin mRNA expression. A. U., arbitrary units. D and E, representative immunoblots and quantitative analysis of ␤ II -spectrin levels in left ventricle samples of non-failing hearts (n ϭ 8) and individuals with documented non-ischemic (D, n ϭ 7 for each condition; NS) and ischemic heart failure (E, n ϭ 4 for each condition, p Ͻ 0.05). Note that we observed no statistical difference for ␤ II spectrin levels in non-ischemic heart samples. For all experiments, values were adjusted to an internal loading control to correct for minor differences in gel loading.*, p Ͻ 0.05. examined the sensitivity of cardiac ankyrin-B to calpain in both adult and neonatal cardiomyocytes. Consistent with prior data in rat heart (38), we observed striking remodeling of adult and neonatal myocyte ankyrin-B levels following even a brief treatment with calcium and activated calpain (Fig. 4 , G and H and K and L; n ϭ 3/group for adult experiments; n ϭ 4/group for neonatal experiments). In agreement with the role of ankyrin-B in Na/K-ATPase regulation, we observed calcium-and calpaindependent decreases in Na/K-ATPase expression following a similar time course as ankyrin-B in both adult and neonatal cardiomyocytes (Fig. 4 , G and I and M and N, n ϭ 3/group for adult experiments; n ϭ 4/group for neonatal experiments). Notably, the reduction of both ankyrin-B and Na/K-ATPase following calcium/calpain treatment in adult cardiomyocytes was abolished by treatment of myocytes with the membranepermeable calpain inhibitor MDL28170 (Fig. 4 , G and I; n ϭ 3/group; p Ͻ 0.05).
Changes in ankyrin-B and Na/K-ATPase expression were accompanied by striking alterations in the subcellular localization of both ankyrin-B and the Na/K-ATPase in isolated adult ventricular cardiomyocytes. Both ankyrin-B and Na/K-ATPase showed reduced and heterogeneous expression at transverse tubule and peripheral sarcolemma membranes following 15 min of calpain cleavage (Fig. 5, A and B) . Following exposure for greater than 60 min, we observed loss of organized ankyrin-B and Na/K-ATPase in treated myocytes, with remaining staining in distributed puncta throughout the membrane system (Fig. 5,  A and B) . Calcium/calpain treatment had an effect on the expression of ␤ II -spectrin in cardiomyocytes; however, the effect was blunted relative to ankyrin-B in both adult and neonatal cardiomyocyte experiments (Fig. 4 , G and J and O and P, n ϭ 3/group for adult experiments; n ϭ 4/group for neonatal experiments). In fact, we observed a small, yet statistically significant reduction in ␤ IIspectrin only after 90 min of calcium/calpain treatment in neonatal cardiomyocyte experiments (Fig. 4 , O and P; n ϭ 4, p Ͻ 0.05) when compared with ankyrin-B cleavage at 15 min. Collectively, our new data support ankyrin-B as a target for calpain-mediated cleavage in cardiomyocytes and suggest that Na/K-ATPase levels may be reduced due to decreased levels of expression of ankyrin-B, its upstream regulatory molecule. Additionally, our findings suggest that ␤ II -spectrin, although also targeted by calcium-and calpain-dependent activity in myocytes, appears to be secondary to ankyrin-B degradation.
Calpain Inhibition Blocks Calcium-and ROS-dependent Degradation of Ankyrin-B-Both calcium and ROS may modulate downstream targets via a host of pathways, including calcium-activated calpains. To directly test the role of calpains for both calcium-dependent and ROS-dependent ankyrin-B regulation, we assessed cardiac ankyrin-B expression in response to both elevated calcium and ROS Ϯ pretreatment with the calpain-specific inhibitor MDL28170. As noted above, MDL28170 treatment of adult cardiomyocytes blunted degradation of both ankyrin-B and Na/K-ATPase (Fig. 3 , A-C, n ϭ 3/group, p ϭ NS). Consistent with these findings in adult cells, MDL28170 treatment significantly delayed the time course of ankyrin-B degradation following H 2 O 2 treatment (Fig. 6A) , and these changes were accompanied by reduced degradation of Na/KATPase (Fig. 6B) . Reductions in ankyrin-B expression following elevated calcium levels were completely blocked by pretreat-ment with the calpain inhibitor MDL28170 (Fig. 6C) . Finally, MDL28170 treatment blocked calcium/calpain-dependent reductions in ankyrin-B expression in adult and neonatal myocytes by immunoblot (Figs. 4, G and H, and 6D) . These changes by immunoblot were paralleled at the level of the single isolated myocyte where we observed no difference in either the levels or the localization of ankyrin-B in calcium/calpain-treated myocytes following pretreatment with the calpain inhibitor MDL28170 (Fig. 6E) . The findings in isolated cells add additional support that calpain activation alters ankyrin-B expression in cardiomyocytes independent of effects on ␤ II -spectrin.
Ankyrin-B-deficient Mouse Hearts Show Increased Susceptibility to Ischemia Reperfusion
Injury-Based on the findings above as well as past work from Inserte et al. (38) , we hypothesized that ankyrin-B plays a cardioprotective role in the response of the heart to stress/injury (increased Ca 2ϩ , ROS, calpain) and structural, electrical, transcriptional, and metabolic remodeling. As a first step to test this hypothesis, we evaluated the hearts from mice lacking 50% of their ankyrin-B expression (ankyrin-B ϩ/Ϫ mice) for response to myocardial ischemia, a common cause of myocardial infarction and death in humans (39) . Following reperfusion (Fig. 7, A-D) , ischemiainduced infarct size (percentage of area at risk) was assessed as a measure of tissue damage and arrhythmia susceptibility. Cardiac function (left ventricular developed pressure (LVDP) and maximum rates of LVDP rise and fall (Ϯdp/dt max )) was also assessed in wild-type and ankyrin-B ϩ/Ϫ mouse hearts (27) (Fig.  8, A-F , and see "Experimental Procedures"). Notably, ankyrin-B ϩ/Ϫ mouse hearts were significantly more sensitive to hypoxic conditions, displaying a nearly 38.8% increase in myocardial infarction size when compared with hearts from wild-type littermates (Fig. 7, B-D; 38.28% Ϯ3.84 and 27.57% Ϯ2.78, respectively, n ϭ 13 mice/genotype; p Ͻ 0.05). Consistent with these data, ankyrin-B ϩ/Ϫ mouse hearts also displayed reduced LVDP, reduced maximal rates of LVDP rise and fall, and reduced time to onset of ischemia contracture when compared with control FIGURE 4. Aberrant calcium and calpain alters ankyrin-B, Na/K-ATPase, and ␤II spectrin expression. A-F, representative immunoblots and statistical data of ankyrin-B (n ϭ 5/treatment), Na/K-ATPase (n ϭ 3/treatment), and ␤ II -spectrin (n ϭ 3/treatment) levels in wild-type mouse left ventricle lysates treated with varying calcium concentrations for 60 min. Although levels of all three proteins were altered, we observed differences in the calcium dependence of proteolysis (*, p Ͻ 0.05; **, p Ͻ 0.01). G-P, ankyrin-B is a target of cardiac calcium/calpain. Representative immunoblots and statistical data of ankyrin-B (AnkB), Na/KATPase, and ␤ II -spectrin levels in adult mouse ventricular cardiomyocytes treated with calcium/calpain for 0 -90 min (n ϭ 3/treatment, *, p Ͻ 0.05) are shown. Although all three proteins were targeted by calcium/calpain, we observed rapid degradation of ankyrin-B and Na/K-ATPase at 30 min of treatment when compared with ␤II-spectrin (decreased only at 60 min of treatment). In G-J, MDL28170 was included in specific experiments as a calpain inhibitor for 90 min of treatment (MDL/90). K-P, representative immunoblots and statistical data of ankyrin-B, Na/K-ATPase, and ␤ II -spectrin levels in neonatal mouse ventricular cardiomyocytes treated with calcium/calpain for 0 -90 min (n ϭ 4/treatment, *, p Ͻ 0.05, **, p Ͻ 0.01, ***, p Ͻ 0.001). Although all three proteins were targeted by calcium/calpain, we observed rapid degradation of ankyrin-B and Na/K-ATPase at 15 min of treatment when compared with ␤II-spectrin (decreased only at 90 min of treatment). For all blots, protein levels are corrected for GAPDH expression. mice following ischemia reperfusion (Fig. 8, A-F , p Ͻ 0.05, n ϭ 18 WT, n ϭ 17 ankyrin-B ϩ/Ϫ ). Notably, ankyrin-B levels in wild-type mouse hearts were decreased nearly 34% following ischemia reperfusion in wildtype mouse hearts, consistent with our human data ( Fig. 1 ) and further supporting a key role for ankyrin in cardioprotection. Additionally, ankyrin-B and Na/K-ATPase expression and localization were dramatically altered by the ischemia reperfusion protocol, similar to cellular phenotypes observed following calcium/calpain treatment (Fig. 9, A-E) . Ankyrin-B levels in the ankyrin-B ϩ/Ϫ mouse were reduced ϳ55% at base line (Fig. 9A ) and notably were not additionally reduced from this base line following cardiac injury (Fig. 9, A-D) . These data support an unanticipated role for ankyrin-B in cardioprotection against ischemia. 
Ankyrin-B-deficient Mouse Hearts Are Protected from Ischemia Reperfusion
Injury by MDL28170-As a final assessment of the link between ankyrin-B, calpain, and cardiac injury, we reassessed the requirement of ankyrin-B for protection against ischemia reperfusion injury in the presence of the calpain inhibitor MDL28170. As shown in Fig. 10 , wild-type mouse hearts pretreated with MDL28170 showed a significant improvement in cardiac injury as assessed by myocardial infarction size when compared with untreated mouse hearts following ischemia/reperfusion (p Ͻ 0.05; n ϭ 13 WT, n ϭ 12 ankyrin-B ϩ/Ϫ mice). Furthermore, consistent with the link between calpain-dependent degradation of ankyrin-B and associated proteins, we observed a decrease in myocardial infarction size in ankyrin-B ϩ/Ϫ mouse hearts when pretreated with the calpain inhibitor MDL28170 when compared with untreated ankyrin-B ϩ/Ϫ mouse hearts undergoing ischemia/ reperfusion. (Fig. 10) . Previous work supports that both ankyrin-B and Na/K-ATPase levels are protected from ischemia reperfusion by MDL28170 (38) , further supporting our findings. Collectively, our findings demonstrate a role for ankyrin-B as a component of the protective response to cardiac injury.
DISCUSSION
Following acute insult or chronic injury, the heart undergoes complex structural and electrical remodeling processes. This remodeling involves modifications in gene expression, ion channel trafficking, cell viability, and contractility. Although the field has provided exciting discoveries regarding the role of membrane ion channels, receptors and transporters, membrane-associated signaling molecules, transcription factors, and mitochondrial regulatory proteins in these remodeling processes, the role of the myocyte cytoskeleton has remained relatively understudied. Our findings provide data regarding the regulation of ankyrin-B levels in heart failure. Specifically, our work demonstrates significant reductions in ankyrin-B levels in ischemic and non-ischemic human cardiovascular disease. Mechanistically, we demonstrate that multiple signaling mediators of cardiac damage, including elevations in ROS and calpain, as well as alterations in cellular calcium trigger ankyrin-B degradation. Finally, our findings illustrate a requirement of ankyrin-B in cardiac protection against injury.
In heart, ankyrin-B plays multiple roles in cardiac function. At the cardiac Z-line, ankyrin-B targets the Na/Ca exchanger, Na/K-ATPase, and Kir6.2, the ␣ subunit of the K ATP channel, to FIGURE 7. Ankyrin-B-deficient hearts display increased vulnerability to ischemia reperfusion injury. A, protocol for ischemia-reperfusion in wild-type and ankyrin-B ϩ/Ϫ isolated hearts and representative trace demonstrating LVDP and the maximum contractility (ϩdp/dt max ) and lusitropy (Ϫdp/dt max ) for wild-type heart. B and C, transverse sections from wild-type (B) and ankyrin-B ϩ/Ϫ mouse (C) hearts stained with TCC following ischemia-reperfusion protocol show myocardial infarction as pale coloring when compared with viable tissue (red). D, summary data of myocardial infarction size expressed as a percentage of total myocardium for wild-type and ankyrin-B ϩ/Ϫ mice hearts in response to ischemia reperfusion. The number of hearts studied in each group is shown in parentheses (n ϭ 13 hearts/genotype; *, p Ͻ 0.05). TCC, triphenyltetrazolium chloride.
transverse tubule membranes and the inositol 1,4,5-trisphosphate receptor to the sarcoplasmic reticulum membrane (3, (17) (18) (19) . Additionally, ankyrin-B plays structural roles in the organization of the M-line structure with other cytoskeletal and regulatory components including obscurin and protein phosphatase 2A (30, 40, 41) . Both populations in heart are coupled to the underlying actin-based cytoskeleton via spectrin tetramers, of which ␤ II -spectrin associates with ankyrin-B in myocytes. Based on these past data, as well as our new findings, we predict that ankyrin-B plays dual roles in cardiac protection by regulating both electrical and structural features of myocytes. Notably, K ATP channels and Na/K-ATPase, both ankyrin-B-associated membrane proteins (and altered in ankyrin-B ϩ/Ϫ mice (3, 13, 17)) are well validated components against cardiac damage and are affected in heart failure (27, (42) (43) (44) (45) (46) . Moreover, the critical role of spectrin and ankyrin function for membrane structure in multiple tissues is clear (47, 48) . Ankyrins also likely play additional roles in directly coupling membrane proteins including the K ATP channels and Na/K-ATPase (49). Thus, due to its multiple roles in cardiac structural and electrical regulation, alterations in ankyrin-B levels in either acute or chronic cardiac injury appear particularly detrimental to heart function and physiology. Notably, these predictions are supported in the literature by multiple forms of rare monogenic cardiovascular disease that target ankyrin-B, resulting in increased susceptibility to sinus node disease, atrial fibrillation, and ventricular tachycardia (11, 15, 28) .
One initially surprising finding in this study was the lack of coordinate regulation of ankyrin-B and ␤ II spectrin following acute or chronic injury. Notably, in human heart failure samples and in myocytes treated with elevated ROS, calcium, or calpain, we observed either differences in the time course of FIGURE 8. Ankyrin-B is required for the cardiac response to ischemia reperfusion injury. A-F, data for wild-type and ankyrin-B ϩ/Ϫ mice pre-and post-ischemia reperfusion injury documenting differences in LVDP, maximum contractility and lusitropy, recovery of function, and time to onset of ischemia contracture following injury in ankyrin-B ϩ/Ϫ mice. The number of hearts studied in each group is shown in parentheses (n ϭ 18 or 17 hearts/genotype; *, p Ͻ 0.05).
regulation (with ankyrin degradation preceding spectrin degradation) or lack of spectrin regulation altogether (e.g. elevated ROS; Fig. 3 ). These findings are in contrast to the traditional role of spectrin molecules in "tethering" ankyrins to the actinbased cytoskeleton. However, more recent findings in excitable cells offer a more complex and collaborative relationship between ankyrins and spectrins. In fact, work in heart, brain, and lung suggests that ankyrins and spectrins are coordinately regulated in tandem for normal vertebrate physiology. Subsequently, animal and cell models lacking ankyrins show loss of spectrin isoform targeting, whereas models lacking specific spectrin gene products display reduced ankyrin expression (2, 24, 27, 32, 33, 50 -52) . In fact, multiple studies now support differential regulation of ankyrin or spectrin proteolysis depending on the disease state and even the cell type (38, 53) . Clearly, additional research will be required to unravel the complex relationships of these functionally related proteins in health and disease. ؉/؊ hearts. myocardial infarction size (MI Size, percentage of area at risk) was assessed in wild-type and ankyrin-B ϩ/Ϫ mice Ϯ pretreatment with MDL28170. Although wild-type mice showed a small, yet significant improvement in cardiac injury following ischemia/reperfusion, we observed a striking decrease in myocardial infarction size in ankyrin-B ϩ/Ϫ mice when pretreated with the calpain inhibitor MDL28170 when compared with untreated ankyrin-B ϩ/Ϫ mice undergoing ischemia/reperfusion. In fact, the percentage of area at risk was decreased nearly to the level observed in wild-type mice (*, p Ͻ 0.05; n is shown in parentheses for each group).
